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This paper presents a deformation plasticity analysis of the tip region of blunted crack in plane strain. The power hardening material is incompressible both elastically and plastically, in freezing material above critical tern finite difference solution to the MO' surrounding the crack tip are presen the maximum stress seen at the crack the tensile properties; however, the order to simulate behavior of a stress firature. The study represents a full field, ie I problem. Stress and displacement fields ed. The results of this study indicate that tip is indeed limited and is determined by scale over which the stresses act is dependent on the loading. Comparisons are good between the forward crack tip displace ment and micro-fractographic measurements of strain fracture toughness tests 17 In order to have an accurate description of the near field surrounding crack tips, and hence a good understanding of the mechanisms of failure, Rice and Johnson [14] have pointed out that crack tip blunting must also be included. Their analysis accounted in an approximate manner for the blunting at the crack tip and for strain hardening in the plastic zone.
As a result they showed that the stresses near the crack tip are indeed finite and that the maximum hoop stress occurred at some small distance from the deformed crack tip. A finite deformation analysis by McGowan and Smith [15] of blunted cracks in a linear (stress-strain) incompressible material shows the same general behavior. The maximum hoop stress occurs in front of the blunted crack tip and the magnitude is independent of the remote loading. ; a 12 = -$ ,12 (6) Substituting equation (6) into equation (5) For this study a Ramberg-Osgood material will be used
Thus, the governing equation (7) will be solved subject to the constitutive laws (equations (8) and (9)).
The geometry of the blunted cracks in the deformed state under Mode I loading will resemble small elliptical perforations as shown in Figure   1 . The size of the deformed crack tip root radius will be determined through integration of the strain displacement relationships w. . + w. . = 2e., 0°)
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The affected strain hardening region will be divided into a small grid utilizing elliptical coordinates and the governing set of equations will be solved through the method of finite differences. At some distance from the deformed crack tip the linear solution of Inglis [16] will apply. The stress at the outer boundary of the inner strain hardening region will be then matched to the Inglis solution. The outer boundary will be enlarged until there is no change in the inner stress field. (A detailed description of the solution procedure is given in [17] .)
PRESENTATION OF RESULTS
The stress and displacement fields in the field surrounding a de- [18] and that of Levy et al [7] for a non-hardening (n = 0) material are also shown. As shown by Figure 2 , the plastic zone shape predicted by McClintock and Irwin [18] is approached by the present study as n -> °°. The difference between the plastic zone shape predicted by Levy et al [7] and the present study for n = 0.01 is primarily due to the inclusion of blunting effects in the latter; the difference should be negligible as e Q + 0.
The effective stress (a ) is shown versus the distance ahead of the deformed crack tip in Figure 3 and the effective stress is shown versus distance perpendicular to the deformed crack tip in Figure 4 . These figures show that in both cases the effective stress varies as , +1 in r the plastic zone. It can be shown that the strain energy has the form: zone. This was a key assumption in the analysis of Rice and Rosengren [6] and Hutchinson [4] .
The hoop stress (a ) in front of the crack tip is shown for various values of yield strain for n = 0.2 in Figure 5 , for n = 0.1 in Figure 6 , and for n = 0.01 in Figure 7 .
As shown in these three figures, the hoop stress is substantially reduced near the crack tip because of blunting and strain hardening; with the maximum hoop stress developed forward of the crack tip. The analysis of Rice and Johnson [14] gives the same qualitative behavior; the correlation is believed to be quite reasonable in view of the several approximations involved. For a non-hardening material Rice [2] has shown that the maximum hoop stress is 2.97 a 0 . The hoop stress, as predicted by Levy et al [7] , approaches this limit at the crack tip as shown in Figure 7 . The hoop stress distribution of the present study in Figure 7 reflects the presence of blunting and should coincide with the work of Levy et al [7] as e Q -> 0. Figure 8 shows the variation of maximum hoop stress with initial yield strain for varying hardening. As shown in the figure, blunting alone (linear) makes the peak hoop stress finite and the inclusion of finite deformations [15] reduces the magnitude somewhat. However, the effects of blunting and plasticity taken together are significant: the peak hoop stress is reduced by a factor of 10 from that with blunting alone. From Figure   8 , one observes the peak hoop stress to be 3a Q to 7a Q depending upon n and a /E. The peak hoop stress increases with r and decreases with a Q /E.
(The large value of peak hoop stress compared to the uniaxial yield stress, a , is believed due to the presence of triaxiality in the crack tip region.)
The crack tip displacement in the direction of propagation (which is also the deformed crack root radius, p) is shown in Figure 9 for varying initial yield strain and hardening exponent. The present study predicts that the forward crack tip displacement increases with a Q /E and decreases with n. For comparison one-half the crack tip opening displacement calculated by Levy et al [7] is shown. The forward crack tip displacement as predicted by the present study and the work of Levy et al [7] show parallel behavior, although they are separated by some distance. This disagreement is believed due to the shape of the crack tip being elliptical in the present study instead of cylindrical.
Included also on Figure 9 is the width of the "transition" or "stretch" zone which exists on the fracture surface between the cracked and the overload regions in fatigue. As Broek [19] has discussed, the depth of this transition zone is the crack tip opening displacement, and, therefore the width is the tip forward displacement.
Examination of the figure shows the correlation between the forward tip displacement and failure. The measurements of the stretch zone 7 falls close to n = 0.2. For the steels and aluminums shown values of n around 0.05 have been reported in [19] , [20] , and [21] . However, it is known that for this class of materials the value of n varies with plastic strain [22] . For large plastic strain (e > 10%), the strain hardening exponent is close to 0.2 as shown by Jones and Brown [23] for 4340 steel.
The strains in the tip region are clearly greater than 10% so that the agreement between the measurements and the analysis appears quite reasonable. The scatter band shown on the figure is an indication of the span of actual measurements (authors typically report a 40% variation).
DISCUSSION
Study of the stress fields surrounding deformed crack tips indicate that the stresses in the plastic zone will approach the 1/r ' variation as e -> 0 as determined in the analysis of Hutchinson [4] and Rice and Rosengren [6] . However, as mentioned in the work of Levy et al [7] , the J-integral may not be path independent in the plastic zone; and therefore, a full field solution is desirable in order to evaluate the strength of the stress variation in the plastic zone. For the non-hardening case, Levy et al [7] and subsequently Rice and Tracey [24] did a full field solution of a sharp crack tip utilizing singular elements. The differences in the present study and [7] and [24] is primarily due to blunting, and partially due to use here of 0.5 as an elastic Poisson's ratio. These differences should vanish as e Q + 0.
The analysis of Rice and Johnson [14] was an attempt to account for the effect of blunting near the crack tip and used the results of [4] and [6] as boundary conditions. Although approximate, the analysis of Wells [25] and others have used the crack opening displacement as a fracture criterion. Broek [19] has used this concept to correlate the depth of transition zones in aluminum with fracture toughness.
The present study shows good correlation of fracture toughness and transition zone width. Krafft [26] , Hahn and Rosenfield [27] and Rice and Johnson [14] have all shown good correlation of plane strain fracture toughness with some minute particle size or process zone size for specific cases.
SUMMARY AND RECOMMENDATIONS
Following the pioneering studies of Hutchinson [4] , Rice and Rosengren [6] , Levy et al [7] and Hilton and Hutchinson [8] , the authors have obtained a full field deformation plasticity finite difference solution to the Mode I plane strain problem including the effects of blunting.
The material was incompressible in both the elastic and plastic regions, o.
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